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Abstract. Supercritical carbon dioxide was applied for the pasteurization of coconut water to guarantee its microbial stability and preserve its sensory and  nutritional quality attributes. A multi-batch apparatus was used to test supercritical carbon dioxide feasibility to inactivate the natural microbial flora of coconut water as a function of pressure (80 and 120 bar), temperature (22, 30, 35, 40 and 45°C) and time (from 5 to 60 min). The study indicated that 120 bar, 40°C, 30 min were the optimal process conditions to induce 5 Log reductions of mesophilic microorganisms, lactic acid bacteria, yeasts and molds and 7 Log of total coliforms. A deep chemical/physical and sensory characterization was also performed to investigate the impact of the treatment on the quality traits of fresh coconut water. To complete the study, a thermally pasteurized (90°C for 1 minute) coconut water was also considered in order to compare the impact of the thermal and non-thermal processes.






The hydration and absorption of liquids with a high content of mineral salts, vitamins, sugars and nutritional substances are fundamental for the correct feed of all sportive people. Decades of scientific research clearly demonstrate the benefits derived from the assumption of drinks during and after a physical activity [1]. Coconut water is becoming more and more popular within the athletes as “energy and healthy drink” rich in vitamin C, magnesium, calcium, potassium, vitamin B, arginine, alanine, lysine, glutamic acid, enzymes with anti-inflammatory properties, minerals and antioxidants [2]. Coconut water is processed by heat treatment which is able to destroy the natural microbial flora occurred in the product and to prologue its shelf life for 2/3 months [2]. However, as the high process temperatures grossly alter the sensory qualities with changes in the product nutritional contents, different techniques of preservation like filtration, increasing the sugar and total solid contents, adjustment of pH, ultrasonic treatment, concentration by reverse osmosis, spray drying, addition of preservatives, etc. have been investigated either alone or in various combinations [2, 3, 4]. Among these techniques, the use of supercritical carbon dioxide (SC-CO2) seems to constitute one of the most promising alternatives. Since the 1980s, SC-CO2 has been increasingly investigated as a technique able to induce the inactivation of the natural microbial flora but also pathogens occurring in solid and liquid matrices [5, 6, 7, 8]. CO2 used in this process is relatively inert, inexpensive, nontoxic, nonflammable, recyclable and readily available in high purity leaving no residues when removed after the process. Furthermore, it is considered a GRAS (Generally Recognized as Safe) substance, which means it can be used for food products.
In this context, the present project aimed to investigate the possibility to apply SC-CO2 for the pasteurization of coconut water in order to guarantee its microbial stability and preserve its quality. The feasibility of the process was investigated to inactivate the natural microbial flora (mesophilic microorganisms, lactic acid bacteria, total coliforms, yeasts and molds) as a function of pressure, temperature and time.




1.1	Extraction of coconut water













Coconut water (frozen at -20°C) was thawed at 4°C for 12 hours and then aged at 30°C for 18 hours to increase the initial microbial load. The microbial analyses were performed with the plate count method. The sample was serially diluted in a phosphate buffer solution (PBS, 0.01 M, pH 7.4) and plated in duplicate onto selective media. Mesophilic microorganisms, total coliforms, yeasts and moulds, and lactic acid bacteria were plated onto plate count agar (Liofilchem, TE, Italy), chromatic coli/coliform agar (Liofilchem, TE, Italy), malt extract agar (Liofilchem, TE, Italy), and MRS agar (de Man, Rogosa and Sharpe, Oxoid, Milano, Italy), respectively.
The incubation temperatures and times were: 30 °C for 48 h for mesophilic microorganisms; 30 °C for 24 h for total coliforms; 25 °C for 4 d for yeasts and moulds; and 35 °C for 48 h for lactic acid bacteria.
At the end of the incubation periods, the number of colonies was counted and the inactivation level was determined by evaluating the Log(CFU/ml) (logarithm of colony forming unit per ml of sample) of the microorganisms before and after the treatments. The results were means based on data from at least three experimental runs. Standard deviations were shown by error bars.
1.5	Product characterization

1.5.1 Basic physico-chemical and nutritional parameters

Soluble solids, expressed as °Brix, were measured using a digital bench and portable refractometer (DBR95, Singapore). The pH of the samples was measured using a digital pH meter (Inolab pH level 1, WTW GmbH, Weilheim). Water content was determined by weight loss during heating at 70 °C for 96 h and dry matter was determined by weight difference. Sugars (sucrose, glucose, and fructose) were quantified by HPLC coupled to a refractive index detector (Agilent 1200). Minerals (Mg, K, Ca, Fe) were measured by Inductively Coupled Plasma Mass Spectrometer (Agilent 7500 ICP-MS). Water-soluble vitamins were analyzed by HPLC-DAD-MS/MS (Acquity/Xevo TQ; Waters).

1.5.2 Volatile compounds profiling





In order to verify whether SC-CO2 treatment induces overall sensory differences in comparison to the fresh untreated and the pasteurized coconut water, the products were compared by smelling according to the standard triangle test procedure by a panel of 33 trained panelists [9]. Three consecutive triangle tests were performed in one session: Fresh vs. SC-CO2; SC-CO2 vs. Pasteurized; and Fresh vs. Pasteurized. Coconut water samples (10 ml) were presented in 40 ml screw cap vials coded with 3 digit random numbers. Test order was randomly presented and balanced over judges. 








3.1 Sample microbial contamination





The results of the microbial analysis performed on the heat pasteurized coconut water demonstrated that 90°C, 1 min were the optimal process conditions able to induce inactivation to undetectable levels of the natural microbial flora. At the same time, these process conditions induced fewer changes in the product visual appearance compared to the others conditions tested.

3.3 SC-CO2 microbial inactivation kinetics

The inactivation kinetics as a function of temperature and time are reported in Figs. 1-4 for each microbial strain and two pressures: 80 bar (a) and 120 bar (b). 
The results indicated that the temperature induced a higher microbial reduction both at 80 and 120 bar. Several studies demonstrated that higher temperatures can increase CO2 diffusivity and the fluidity of cell membrane facilitating CO2 penetration into the cells [11, 12]. As concerns the effect of the increase of pressure from 80 to 120 bar, an enhanced microbial inactivation was also observed. It has been demonstrated that higher pressures facilitate the penetration of CO2 into the cells, although this increase is limited by the saturation solubility of CO2 in the treatment medium [13].
  
Fig 1. Mesophilic microorganisms inactivation kinetics as function of temperature and treatment time at (a) 80 and (b) 120 bar.

The results also showed that microbial inactivation is highly dependent on the type of microorganisms present in the food matrix due to the distinct microbial cell microstructure: total coliforms, and yeasts and molds (Figs. 3 and 4) were inactivated faster than mesophilic and lactic acid bacteria (Figs. 1 and 2). 
  
Fig. 2. Lactic acid bacteria inactivation kinetics as function of temperature and treatment time at (a) 80 and (b) 120 bar.

On the basis of a multifactor Anova analysis performed on the results of the inactivation kinetics, 120 bar, 40°C, 30 min were identified as the optimal process conditions able to achieve 5 Log reductions of all the microbial strains detected in the coconut water as required by the Food and Drug Administration (FDA). 

  
Fig. 3. Total coliforms inactivation kinetics as a function of temperature and treatment time at (a) 80 and (b) 120 bar.

These conditions were also tested in the 310 ml reactors and the microbial analysis confirmed the results obtained in the multi-batch apparatus.
  





Both heat and SC-CO2 pasteurization treatments had no effect on dry matter, soluble solids and sugars content of coconut water as shown in Tables 1 and 2. 

Table 1. Physico-chemical parameters of untreated (fresh) and treated coconut water.






SC-CO2 brought to a product with a pH lower than the fresh or the heat pasteurized (Table 1) while minerals were lower in the heat treated product probably due to flocculation occurring during the process with subtraction of minerals from the soluble fraction. Only three water-soluble vitamins (B1, B2, B5) were founds in the fresh coconut water (Table 2). Heat pasteurization brought to a slight decrease of all three vitamins as expected while SC-CO2 slightly reduced only vitamin B2 showing a lower detrimental impact on the nutritional values of the final product.

Table 2. Nutritional composition of untreated (fresh) and treated coconut water.















As concerns the volatile compounds, the 3 products were clearly distinguishable: SC-CO2 reduced most of the volatile fraction of coconut water (Fig. 5) as also observed in the literature results on SC-CO2 treated apple juice [14]. Only alcohols were slightly higher compared to the fresh product.
The main impact of the heat pasteurization was a considerable increase in ketones (6 fold) other than in alcohols (1.4 fold) and esters (1.5 fold). On the contrary, 3,4-dimethyl benzaldehyde (the main benzaldehyde derivative found in fresh coconut water headspace) was strongly depleted (9 times less) after the heat pasteurization process compared to the fresh product. The 2-Acetyl-1-Pyrroline was found at very low concentration in the headspace of fresh and SC-CO2 processed coconut water. This compound that has a sensory impact described as “toasted”, “popcorn”, and “malty”, increased significantly in the heat pasteurized product (6 fold).


Errore. Il collegamento non è valido.





Table 3 summarizes the results of the triangle tests. SC-CO2 treatment did not induce significant differences in the coconut water sensory quality at least by smelling. SC-CO2 product reported no significant differences compared to the fresh product while both were statistically different from the heat pasteurized one.







The descriptive profile showed a good panel performance with a high discriminant capacity and reproducibility. In Fig. 6 the averaged profiles of each product in comparison with the others are reported: SC-CO2 treated product and the fresh one are very similar for all the sensory attributes, except for “Cardboard” flavor which is less present in samples treated by SC-CO2. The pasteurized product seems to be characterized by more intense odors and flavors of “Hazelnut” and “Toasted bread” (probably induced by aldehydes and ketones that are higher in the heat pasteurized product). These compounds probably induced the higher sensation of sweetness although no differences were detected for sugar contents (see Table 2). However, this result was in accordance with the increased amount of 2-Acetyl-1-Pyrroline found in the headspace, as previously reported.
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